The contact interactions between microgear silicon-based MEMS teeth working in a clean and a vacuum environment are under consideration. A new approach has used to determine the friction force and the coefficient of friction over the whole meshing surfaces of the teeth. In this approach, the dry friction force is calculated through the energy dissipated during sliding contact between two meshed micro-tooth elastic rough surfaces. The energy dissipated may be caused by the different physical and chemical interactions between the counterparts surfaces. Due to the vacuum environment, these mechanisms reduced to the energy lost due to the dissociation of chemical and van der Waals bonds, and the energy lost through the elastic interlocking between the asperities located on the meshing micro-tooth surfaces. There is no plastic deformation of the microgear tooth surface asperities due to their size and the Polonsky-Keer effect. A multiscale hierarchical elastic structure (a multiscale block) is used to model the surface asperities. The tooth block roughness has modelled at two scales specified by the character of interactions: atomic level, where chemical interactions occur, and adhesive subscale, where van der Waals interactions are significant. The adhesion layer is defined similarly to Maugis approximation. The adhesion force of each nanoasperity has assumed to be equal to the pull-off force in the BoussinesqKendall model and corrected by the Borodich no-slip coefficient. Atomic Force Microscopy (AFM) techniques have been used to measure the tooth roughness. It is argued that there be a high probability for stiction between the clean silicon surfaces due to very high values of the friction force between the microconjunctions. On the other hand, the tooth surfaces having functionalized carbon-based layers are much less prone to stiction. However, due to wear of the functionalized coating the probability of stiction will start to increase. The results of the simulation for both the non-functionalized and functionalized micro-tooth surfaces (silicon-based MEMS surfaces) are presented.
INTRODUCTION
Micro-Electro-Mechanical Systems (MEMS) are used in the wide variety of industrial and space applications [1] [2] [3] [4] . MEMS are consist of a significant number of micro/nano components and the majority of them work in contact with each other to transfer the load and torque between MEMS parts. Advanced and highly sophisticated technologies are employed to miniaturise the mechanical and electronic MEMS elements. On the other hand, there are various challenges that may lead to device failure, in particular these related to the stiction [5] , adhesion and friction [6] . Stiction is the key issue in the MEMS devices technologies and it is mostly defined as the unintentional adhesion (the static friction) that highly restricts the movements of the micro/nano elements. In this paper stiction is defined as the unintentional adhesion between the teeth that does not allow MEMS to work at all. Stiction may lead to structure failure or significantly reduces the MEMS reliability [7, 8] . Cold welding (cohesion) between micromachined device surfaces could occur when these surfaces are clean and work in the vacuum environment [5, [9] [10] [11] [12] . Surface functionalization is one of the successful solutions to reduce cohesion and, therefore, to eliminate stiction [1] .
Microgear is one the most important torque transmitter in MEMS. When it work there is contact between the teeth. If these teeth are clean and work in a vacuum then there is a high probability of sticking with each other and as a result for this cold welding occurred in the contact zone, which lead finally to structure collapse.
The MEMS surfaces may contact unintentionally during acceleration or due to presence of the electrostatic forces or the contact may be intentional when surfaces are shearing each other as in the case of microgear teeth contact. Stiction occurred in the contact region because the maximum force produced by the MEMS is less than the force of surface tangential interactions, and this sometimes leads to permanent adhesion between the surfaces (the cold welding).
Historically, silicon was the base of the integrated circuit (IC) technologies, so it is natural that it is the common material for MEMS, especially when to know that most of these techniques were borrowed originally from (IC) technologies [13] . Hence, the problems related to contact and stiction between teeth of the silicon-based microgear MEMS are under investigation.
The dimension of the meshing microgear as was taken as in [14] . Figure 1 shows a micro-pinion that is meshing with microgear. The gap between surfaces of microgears meshing teeth, which is different at each time step, is calculated using Hertz line contact theory.
In this study, a modified multiscale hierarchical model of an asperity is employed in order to simulate the work of multiasperity rough surfaces of MEMS microgear teeth as shown in Figure 2 . Wadhesive is denoted the width of the adhesive subscale where the van der Waals interactions are likely occurred.
The first version of model was introduced by Savencu and Borodich [15] for modelling a single multiscale asperity. The term 'scale' as defined as the term that reflects the capabilities of the asperity to model different physical-chemical mechanisms of interactions between surfaces. In the present model, the nanoscale of an asperity is mainly responsible for molecular and chemical interactions and the micro-scale is responsible for mechanical interlocking of asperities. Therefore, then the model is multi-scale, because the system is capable of modelling more than one mechanism of interaction. The original model had to be modified to reflect particular features of MEMS structures. The modified model is multiscale, but it is not multilevel, as the asperities of the same generation are on the same height. Further, due to the nanoscale dimensions of the asperities of the microgear tooth, it does not have the micro-scale roughness.
In addition, the asperities do not have plastic deformations due to the Polonsky and Keer effect [16, 17] . The effect can be formulated as the following statement: plastic deformation at an asperity micro-contact becomes difficult and then impossible when the asperity size decreases below a certain threshold size.
Thus, the present model has two nanoscales: atomic scale as the first subscale of nanoasperity and adhesive nanoscale as another subscale. The latter subscale reflects the dimensions where the van der Waals interactions are significant.
FRICTION FORCE
A new approach has used to determine the friction force and the coefficient of friction over the whole meshing surfaces of the teeth. In this approach, the dry friction force ( ) is calculated through the energy dissipated ( ) during relative sliding distance ( ) between two meshed micro-tooth elastic rough surfaces
This energy lost is due to dissociation of chemical and van der Waals bonds, and the energy lost through elastic deformation of nanoasperity during the contact cycle. For a pure silicon surface, the dissociation energy due to break the chemical bonds between two silicon atoms [18, 19] is equal to 327 kJ/mol, hence the energy of one chemical bond is 5.4e-19 J. Then the total energy (UTotalchem) dissipated by chemical bonds at the moment ( ) is
where Uchem is the energy of the dissociation of one chemical bond and natoms is the current number of the chemical bonds between counterpart's surfaces. Using (3), one can find the total energy (UTotalvdW) dissipated by van der Waals bonds
where UvdW is the energy of the dissociation of a van der Waals bond, is the current number of the vdW bonds within the adhesive scale of contact. This energy is different at each time moment along the contact cycle due to variability of the number of nanoasperity in touch at that point. The energy spent for elastic deformation ( ) of a nanoasperity or the elastic interlocking between the counterpart's surfaces of the silicon microgears teeth is also taken into the account. Hence, the total energy loss is
Then it follows from (1) and (4) that the friction force can be calculated as
The numerical simulations show that ℎ ( ) gives the greatest percentage in (4), and in turn in friction while calculated by (3) gives roughly less than 40% of the total energy loss.
COF (the coefficient of friction) µ can be calculated as
Hence, it follows from the above expression and (5) that COF is
Here FN is the nominal normal force applied to the tooth surface in the contact zone, and Fadh is the force of adhesion between contacting surfaces. Hence, the equation (7) can be rewritten as
That is mean also the coefficient of friction will be:
Thus, as it has been mentioned, due to the vacuum environment, the mechanisms caused the energy lost reduced to the energy lost due to the dissociation of chemical and van der Waals bonds, and the energy lost through the elastic interlocking between the asperities located on the meshing micro-tooth surfaces (4).
ADHESION FORCE
The force of adhesion for one nano-asperity is assumed as the pull-off force according to Boussinesq-Kendall model, corrected with non-slip coefficient ( ) introduced by Borodich [20, 21] . Let Fadh1 be the adhesion force of one asperity and n be the number of asperities in contact. Then one has ℎ1 = √8 12 * 3 .
Here w12 is the surface energy calculated as 
Using (10), the total adhesion force Fadh at each point over the sliding distance can be calculated as 
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The contact modulus for silicon gears can be calculated by substitution the corresponding values of Young's E = 161 GPa, and the Poisson's ratio ν = 0.23 [14, 22] , hence, it is * = 2 (1 − 2 ) = 85.15 ⁄
The no-slip coefficient can be found as [20, 21] = (1 − ) (3 − 4 ) (1 − 2 ) ⁄ = 1.044
Adhesion layer thickness was assumed according to Maugis approach in Savencu and Borodich interpretation [15] . Therefore, the asperities of both the atomic and adhesive subnanoscales will jump into contact when they are within this layer of adhesion, as indicated in Figure 3 . 
RESULTS AND DISCUSSION
The external moment (Mext) applied to the gear may be calculated as = 2 alternatively, it could be written as
where Ft and Ff are the tangential force and friction force respectively (Figure 4) , and 2 is the radius of the microgear (Figure 1) . Fig. 4 . The external moment on the meshing microgear MEMS teeth.
Therefore, if > then there is a high probability for stiction and the microgear cannot work. If < then there is some motion between microgear teeth and the stiction is overtaken.
Our simulations show that the probability of stiction between the silicon microgear MEMS teeth working in a high vacuum environment will increase rapidly because the surface contamination is progressively removed, in other words, there is no contamination between surfaces of the microgear MEMS teeth. If it is assumed that there is no stiction then the calculated values of COF are very high. Figure 5 shows the amount of the total dissipated energy over the contact sliding distance between the MEMS teeth surfaces. One of the important mechanisms of the dissipated energy is the energy lost via the elastic interlocking between the atomic and adhesive subscale asperities, i.e. the energy lost when the asperities of the contacting counterparts microgear MEMS tooth surfaces are elastically deformed. Figure 5 shows the amount of the energy lost during the interfacing between these asperities. It has been found that the friction force is higher than the tangential force, which is calculated to be equal to 2.82E-03 N; therefore, there is a great chance for stiction between teeth in the contact region as shown in Figure 6 . Figure 7 illustrated the value of the friction force that has been calculated over the sliding contact distance between the counterpart's surfaces. Some parts of the above friction force graph look as flat. However, a magnified section of a part of Figure 7 that look flat presented in Figure 8 , shows that these parts of the graph are actually not flat and they have a slight variation in their magnitude. As it has been explained above, the coefficient of friction is calculated by (8) or (9) . Figure 10 shows the values of COF over the contact cycle. > , then stiction occurs and the microgear cannot work. One can see that the probability of stiction between the clean silicon microgear MEMS teeth working in a high vacuum environment are very high.
FUNCTIONALIZED SURFACES
Surface chemical modifications are widely applied to reduce surface forces, stiction and the effects of the chemical interaction well known as the cold welding between surfaces in the micromachined structure during the release process [1, 5] . These chemical modifications are often presented as self-assembled (SAM) monolayers of carbosilane, in particular monolayer coatings based on the Octadecyltrichlorosilane (OTS). The coefficient of the friction and the friction force for the functionalized coating of silicon microgear MEMS tooth surface with the SAM OTS have been calculated in the different percentage of wear rate. Firstly the simulations have been performed with fully protected tooth surface (see Figure 11) and then when the wear or damage is started to occur due to the high friction force between the MEMS teeth surfaces or due to operation process. Our simulations show that if the microgear MEMS tooth surface is fully functionalized with SAM OTS monolayer, the coefficient of friction is 0.185. This value is quite suitable to continue the operating system without any problem. Hence, no stiction is occurred. If the same gear has non-functionalized surfaces then the COF is approximately 0.9 as shown in Figure  12 . If there is some surface wear then the functionalized coating monolayer may be damaged and some its parts may be worn away. Hence, the stiction may occur again between the meshing surfaces. Indeed, as soon as the OTS molecules start to leave the surface, the chemical bonds will begin to generate between the uncovered spaces and the probability of stiction will starts to increase with each particle of coating worn away. 
CONCLUSION
A new approach to modelling of friction and adhesion between the silicon-based microgear MEMS working in a vacuum environment is described. In this approach, for the first time the roughness is represented as multi-block structures covering the entire micro-tooth surface.
Each of the structures is represented by the multiscale hierarchical model of an asperity that consists of two different scales: atomic subscale, where the chemical interactions are significant, and adhesive subscale, where the van der Waals interactions are likely occur. The single asperity model introduced by Savencu and Borodich earlier has been modified to reflect particular features of a microgear MEMS. The total energy dissipated due to interlocking of nanoasperity, dissociation of chemical and van der Waals bonds has been calculated.
It has been shown that if the gear surfaces are not functionalized then the probability of stiction between the clean silicon surfaces is very high. In contrast, the tooth surfaces having functionalized monolayer carbon-based coatings are much less prone to stiction. The wear of the functionalized coating leads to increase of the probability of stiction between surfaces.
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